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Abstract   
Stable genic male sterility (GMS), which is not influenced by environmental factors, has not been used for F1 hybrid seed 
production because male-sterile inbred lines cannot be developed and male-sterile plants must be selected from segregating 
populations every time.  However, the stability of male sterility may provide a reliable system for F1 seed production without 
contamination of selfed seeds.  A genic male-sterile mutant in rice, ‘C204’, which was selected from progeny of the cultivar 
‘Koshihikari’ irradiated by gamma-rays, has shorter and whiter anthers than those of ‘Koshihikari’ and has no pollen grains.  
Segregation analysis of ‘C204’ suggested the male sterility of this mutant to be controlled by a recessive allele of a single gene.  
Linkage analysis of a mutated gene responsible for the male sterility revealed the gene to be in a region of ca. 75 kb on the 
long arm of chromosome 9.  The nine genes predicted in the 75-kb region were sequenced, and compared with the published 
‘Nipponbare’ genome sequences.  A single-base deletion was found in the first exon of a ‘C204’ allele of Os09g0493500, 
which encodes an NAD-dependent epimerase/dehydratase family protein, resulting in frameshift causing a premature stop 
codon.  A dot-blot SNP marker for detection of the single-base deletion in Os09g0493500 was developed.  We herein 
propose an F1 hybrid seed production system using stable GMS with a simple selection method of GMS plants. 
Keywords: stable GMS, fine mapping, NAD-dependent epimerase/dehydratase, dot-blot-SNP marker, DNA marker selection 
 
Introduction 
Male sterility, which is a trait of producing no functional pollen 
grain with fertile pistils, is useful for F1 hybrid breeding.  Use of a 
male-sterile line as a maternal parent enables efficient F1 hybrid 
seed production without contamination of selfed seeds.  Male 
sterility is classified into cytoplasmic male sterility (CMS) and 
genic male sterility (GMS).  In GMS, there are 
temperature-sensitive genic male sterility (TGMS), 
photoperiod-sensitive genic male sterility (PGMS), and stable 
GMS not influenced by environmental factors (Kurata et al. 2005). 
   CMS is caused by abnormal transcripts in mitochondria, which 
disturb the process of pollen development (Pruitt and Hanson 
1991; Singh and Brown 1991; Akagi et al. 1994), and pollen 
fertility is restored by a nuclear restorer gene, i.e., Rf (Cui et al. 
1996; Bentolila et al. 2002; Brown et al. 2003).  CMS lines can 
be developed by repeated backcrossings of nuclear-donor lines to 
cytoplasm-donor lines.  In F1 hybrid breeding using CMS lines, a 
male sterile line is maintained by pollination of a maintainer line 
that has a normal cytoplasm without an Rf gene, and the CMS line 
is crossed with a restorer line having the Rf gene for F1 hybrid seed 
production.  In this F1 hybrid breeding system, all the plants in 
the male sterile line are sterile.  However, to maintain three lines, 
this system requires a significant amount of labor.  Furthermore, 
pollen fertility restored by Rf genes functioning gametophytically, 
e.g., Rf1 in rice (Kazama and Toriyama 2003; Komori et al. 2004; 
Akagi et al. 2004; Wang et al. 2006), is 50% fertile, resulting in 
low seed fertility of F1 hybrid cultivars.   
    TGMS and PGMS, which are male sterile under some 
temperature or photoperiod conditions, e.g., higher than 28°C or 
longer than 14 h day length, have been reported to be controlled 
epigenetically (Ding et al. 2012; Zhou et al. 2012).  In F1 hybrid 
breeding using TGMS or PGMS lines, control of temperature or 
photoperiod enables development of inbred lines having TGMS 
or PGMS, respectively, and production of F1 hybrid seeds 
(Virmani et al. 2003).  This F1 hybrid breeding system does not 
require a maintainer line and is thus simple.  However, it is not 
easy to control temperature in the field for large-scale seed 
production using TGMS, and therefore there is a risk of 
contamination of selfed seeds in F1 hybrid seeds.  
   Although stable GMS not influenced by environmental 
factors may be considered to be useful for production of F1 hybrid 
seeds with high purity, it is impossible to maintain male-sterile 
inbred lines.  Selection of male-sterile plants from a segregating 
population for a GMS gene is necessary for F1 hybrid seed 
production.  In the crops whose F1 hybrid seeds are produced by 
hand pollination, e.g., tomato, sweet pepper, and eggplant, 
male-sterile plants can be selected for commercial seed 
production.  On the other hand, in crops which have a short 
flowering period and are grown in a large field for seed 
production, e.g., rice, DNA markers closely linked with a GMS 
gene, which enable selection of plantlets homozygous for the 
GMS gene, are indispensable for practical F1 hybrid seed 
production.  Few reports on DNA marker production for GMS 
have been reported so far (Woo et al. 2008). 
TOUR: Tohoku University Repository 
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   We have developed several methods of DNA polymorphism 
analysis (Sato and Nishio. 2002; Sato et al. 2006; Shirasawa et al. 
2006) for selection of plants in a large breeding field.  Among 
them, dot-blot-SNP method is expected to be useful, because it 
enables single nucleotide polymorphism (SNP) and 
insertion/deletion genotyping of a large number of plants at low 
cost without using electrophoresis.  In this method, polymerase 
chain reaction (PCR) products containing SNP sites are dot-blotted 
on a nylon membrane after denaturation with alkaline solution and 
are hybridized with digoxigenin-labeled oligonucleotide probes 
together with unlabeled oligonucleotides having the sequence of 
the other allele (Shirasawa et al. 2006; Shiokai et al. 2010a; Shiokai 
et al. 2010b).  Furthermore, we have developed a simple method 
for preparation of PCR templates, named the “leaf-punch method”, 
in which leaf disks excised from leaves using a mini cork borer 1 
mm in diameter are directly used as PCR templates (Shiokai et al. 
2009). 
   In the present study, a stable GMS mutant, C204, was selected 
from progeny of the rice cultivar ‘Koshihikari’ irradiated by 
gamma-rays, and a candidate gene responsible for this mutation 
was identified by genetic analysis.  A dot-blot-SNP marker for 
this mutated gene was developed for establishing an F1 hybrid 
breeding system using the stable GMS mutant with the leaf punch 
method.   
 
Materials and methods 
Plant materials 
Plants of the Japonica rice cultivar ‘Koshihikari’ were irradiated 
with 20 Gy/day of gamma rays for 20 days in the Gamma Field of 
the Institute of Radiation Breeding, National Institute of 
Agrobiological Sciences, Japan.  A line ‘C204’, from which 
male-sterile and fertile plants were segregated with a 1:3 ratio, was 
selected from M4 plants.  For linkage analysis, 95 F2 plants 
derived from a cross between ‘C204’ and ‘Akihikari’, which is a 
Japonica cultivar, were used.  For delimitation of a candidate 
region, 256 F2 and 1536 F3 plants derived from a cross between 
‘C204’ and ‘CSSL (Chromosome Segment Substitution Line) 228’, 
which is a ‘Koshihikari’ line carrying a chromosome segment from 
‘Kasalath’ on the long arm of chromosome 9 (Ebitani et al. 2005), 
were used.  
 
Examination of fertilities of pollen and seeds  
For examining pollen fertility, pollen grains were collected just 
before anthesis and stained with 1% I2/KI solution.  Stained pollen 
grains were counted under a light microscope.  The percentage of 
fertile seeds per panicle was investigated using five mature panicles 
per plant harvested in a greenhouse. 
 
Isolation of DNA 
Genomic DNAs were prepared from leaves of ‘C204’ and 
‘Koshihikari’ by the CTAB method (Murray and Thompson 1980).  
DNAs from individuals of the F2 mapping populations were 
extracted by the method of Edwards et al. (1995).  For fine 
mapping using the F3 population, leaf discs were prepared with a 
mini cork borer 1 mm in diameter and used directly as templates of 
PCR (Shiokai et al. 2009). 
 
Linkage analysis and delimitation of a candidate region 
Ninety-five F2 individuals derived from a cross between ‘C204’ 
and ‘Akihikari’ were genotyped with 2 simple sequence repeat 
(SSR) (McCouch et al. 2002), 2 sequence characterized amplified 
region (SCAR) (Shirasawa. et al. 2004), 5 cleaved amplified 
polymorphic sequence (CAPS) (Shirasawa et al. 2004), and 29 
dot-blot-SNP markers (Shirasawa et al. 2006) (Supplementary 
Table S1).  These genotype data were used for linkage analysis of 
GMS by Mapmaker/EXP 3.0 software 
(http://www.broad.mit.edu/ftp/distribution/software/mapmaker3/) 
with lod score 3.0.  As other mapping populations, 256 F2 and 
1536 F3 plants derived from a cross between ‘C204’ and 
‘CSSL228’ were used for the genotyping of seven markers, 
including two SSRs, one SCAR, one CAPS, and two dot-blot-SNP 
markers (Supplementary Table S2).  In addition, 25 
PCR-restriction fragment-single strand conformation 
polymorphism (PCR-RF-SSCP) markers (Shirasawa et al. 2004) 
were designed to narrow the region containing the GMS gene 
(Supplementary Table S3).  PCR and signal detections were 
performed as previously described by McCouch et al. (2002), 
Shirasawa et al. (2004), and Shirasawa et al. (2006). 
 
Sequencing of a candidate of the GMS gene 
DNA fragments were amplified from genomic DNA of ‘C204’ by 
PCR using primers covering the entire coding regions and 1-kb 
upstream regions of candidate genes (Supplementary Table S4).  
A reaction mixture of 20 µl contained 20 ng plant genomic DNA, 
20 pmol of each primer, 1 x PCR buffer, 2 nmol dNTPs, and 0.5 
units of ExTaq DNA polymerase (TaKaRa Biomedicals, Japan).  
The PCR condition was 1-min denaturation at 94ºC, followed by 
40 cycles of 30-sec denaturation at 94ºC, 30-sec annealing at 62ºC, 
and 90-sec extension at 72ºC, and a 3-min final extension at 72ºC.  
PCR products separated by electrophoresis on 1% agarose gel 
(AgaroseS, Nippongene, Japan) were purified using Ultraclean 15 
DNA Purification Kit (MO BIO, USA).  Nucleotide sequences of 
the PCR products were determined by the direct sequencing 
method using a CEQ2000 DNA sequencer (Beckman Coulter, 
USA). 
 
Development of dot-blot-SNP markers for the mutated gene and 
screening of GMS plants homozygous for the mutant allele 
Leaf discs were prepared from young leaves of F2 plants derived 
from a cross between ‘C204’ and ‘Akihikari’ with a mini cork 
borer 1 mm in diameter. PCR was performed with these discs as 
templates to amplify DNAs containing the mutation.  A reaction 
mixture of 20 µl contained the leaf disc, 10 pmol of each primer 
(5’-GGCAAAGTGTGTGTAACTGGTG-3’ and 
5’-TTGGGTCTCTCACAGTTCCTATC-3’), 1 x PCR buffer, 2 
nmol dNTPs, and 0.5 units of ExTaq DNA polymerase (TaKaRa 
Biomedicals, Japan).  The PCR condition was as follows: 1-min 
denaturation at 94ºC; 40 cycles of 30-sec denaturation at 94ºC, 
30-sec annealing at 58ºC, and 30-sec extension at 72ºC, and a 
1-min final extension at 72ºC.  Dot-blot SNP analysis was 
performed as described by Shiokai et al. (2010b).  The PCR 
products were mixed with an equal volume of the denaturing 
solution containing 0.4 N NaOH and 10 mM EDTA, and then 
dot-blotted onto two nylon membranes (Hybond N, GE healthcare, 
USA) with a Multi-pin Blotter (ATTO, Japan).  Oligonucleotides 
were prepared as probes for detecting ‘Koshihikari’-allele 
(5’-TCGCCTCTTGGCTCATC-3’) and ‘C204’-allele 
(5’-GTCGCCTCTGGCTCATC-3’).  Oligonucleotide probes of 
100 pmol labeled with biotin at the 5’ end were mixed with five 
volumes of a 100-pmol unlabeled counterpart oligonucleotide DNA 
as a competitor.  Each membrane was hybridized with each probe 
solution at 40ºC and washed with 1x SSC/0.1% SDS twice.  
Signals were detected with streptavidin-alkaline phosphatase 
conjugate (Promega, USA).  
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Results 
Male sterility of ‘C204’ and genetic analysis 
‘C204’, a mutant line in which complete male sterile plants 
segregate in progeny, was selected from several male sterile lines 
obtained in M4 of ‘Koshihikari’ irradiated with gamma-rays.  This 
line was maintained by selfing of heterozygous plants showing  
normal pollen fertility with progeny test.  To investigate stability 
of male sterility of ‘C204’ under various environmental conditions, 
six populations of this line were grown in different seasons in a 
greenhouse or an open field of Tohoku University, Sendai, Japan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (38˚16' N, 140˚52' E).  The mutants of ‘C204’ stably showed 
complete pollen sterility under average temperatures from 20ºC to 
37ºC at the flower development stage in the tests from March to 
September. 
   Anthers of ‘C204’ were smaller and whiter than those of 
‘Koshihikari’ (Fig. 1a, 1b, 1e, 1f).  No pollen grains were 
observed in the anthers of ‘C204’ (Fig. 1c, 1d, 1g).   In 95 F2 
plants obtained from a cross between ‘C204’ and Akihikari’, 70 
plants were male fertile and 25 plants were male sterile (χ2=0.088, 
d=1, p>0.75), suggesting that the male sterility of ‘C204’ is  
 
Fig. 1. Comparison of flower morphology between ‘Koshihikari’ (wild type) and ‘C204’. 
Panicles (a and e), anthers (b, c, f and g) and pollen grains (d) of ‘Koshihikari’ (a to d) and ‘C204’ (e to g). Anthers and pollen grains of 
c, d, and g were investigated after staining with I2/KI solution.  The bars in the figures indicate 1 cm in (a and e), 3 mm in (b and f), 
0.5 mm in (c and g), and 30 µm in (d). 
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Fig. 2. Position of a chromosomal region linked to the male sterility gene of ‘C204’ (black bar).  
DNA markers used for rough mapping of the male-sterility gene are shown. 
 
 
Fig. 3. Fine mapping of the male 
sterility gene of ‘C204’. 
(a) Delimitation of a region 
harboring the male sterility gene 
using F2 and F3 progenies between 
CSSL228 and ‘C204’. The 
numbers of obtained recombinants 
between DNA markers and the 
male sterility gene are shown under 
DNA markers. (b) The structure of 
Os09g0493500, in which a 
single-base deletion was identified. 
Black boxes indicate coding 
regions, hatched boxes indicate 
UTR regions, and black bars 
indicate introns. 
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controlled by a recessive allele of a single gene. 
 
Linkage analysis of a male sterility gene 
Since F1 hybrid plants between ‘C204’ and ‘Kasalath’ showed 
hybrid sterility, F2 plants derived from a cross between ‘C204’ and 
‘Akihikari’ were used for rough mapping of the mutated gene 
responsible for male sterility.  Genotyping of the 95 F2 plants 
between ‘C204’ and ‘Akihikari’ with 38 DNA markers revealed the 
male sterility gene to be linked to T1423 and RM5786 on 
chromosome 9 with distances of 5.9 cM and 6.6 cM, respectively 
(Fig. 2). 
   For fine mapping of the male sterility gene, ‘C204’ was crossed 
with a chromosome segment substitution line having the long arm 
of chromosome 9 of ‘Kasalath’ with ‘Koshihikari’ background, 
CSSL228, to obtain F2 population.  Using 256 F2 plants, the male 
sterility gene was mapped between T1423 and RM5786 at 
distances 3.1 cM and 3.0 cM from T1423 and RM5786, 
respectively (Fig. 3).  Twenty-four recombinants between T1423 
and RM5786 were obtained in the 256 F2 plants.  To obtain more 
recombinants in this genome region, 1,536 F3 plants were 
genotyped with dot-blot-SNP markers dsKK1 and dsKK2, which 
were developed using nucleotide sequences near T1423 and 
RM5786, and 145 recombinants between them were selected.  
These selected recombinant plants were genotyped using two SSR 
markers, i.e., RM7343 and RM3249, SCAR marker S15528, and 
CAPS marker S1057, and their pollen fertilities were investigated 
to delimit a region containing the male sterility gene.  For further 
delimitation of the region, 25 PCR-RF-SSCP markers were 
designed from the sequences of the genes on the region between 
dsKK1 and dsKK2 following Shirasawa et al. (2004).  These 
analyses revealed the male sterility gene to be in a region of ca. 75 
kb between KKSNP3 and KKSNP11 (Supplementary Fig. 1). 
 
A possible candidate gene of the male sterility gene 
Nine genes have been predicted in the 75-kb region between 
KKSNP3 and KKSNP11 (Rice Annotation Project et al. 2008).  
Full lengths of the coding regions and 1-kb upstream regions of 
these nine genes of ‘C204’ were sequenced and compared with the 
published ‘Nipponbare’ genome sequences.  In eight genes, i.e., 
Os09g0493000, Os09g0493400, Os09g0493600, Os09g0493700, 
Os09g0493800, Os09g0494200, Os09g0494300, and 
Os09g0496000, the determined nucleotide sequences of ‘C204’ 
were completely the same as those of ‘Nipponbare’.  On the other 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
hand, a single-base deletion was detected in the 1691st “T” from 
the transcription start site within the first exon of ‘C204’ allele of 
Os09g0493500, which encodes an NAD-dependent 
epimerase/dehydratase family protein and has been reported to be 
specifically expressed in anthers in rice.  This single-base deletion 
results in a frameshift causing a premature stop codon (Fig. 3b).  
 
Development of a SNP marker for the mutation in the possible 
candidate gene 
A dot-blot SNP marker for detection of the single-base deletion in 
Os09g0493500 was developed and used for genotyping of ‘C204’, 
‘Koshihikari’, and 23 cultivars including 19 Japonica cultivars, 
three Indica cultivars, and one upland rice cultivar.  All the 
cultivars showed the same genotype as that of ‘Koshihikari’, and 
the single-base deletion was detected only in ‘C204’ (Fig. 4), 
suggesting this single-base deletion to be a mutation induced by 
gamma-ray irradiation and not a natural variation in rice cultivars.   
   Using leaf discs of 63 F2 plants between ‘C204’ and 
‘Akihikara’ prepared by the leaf punch method as PCR templates, 
DNAs were amplified for dot-blot SNP analysis of the single-base 
deletion in Os09g0493500.  Sixteen of these plants were 
identified to be homozygotes of the mutant allele, and all of them 
showed 0% pollen fertility.  Fifteen plants homozygous for the 
wild type allele and 32 heterozygous plants were completely fertile.  
To confirm F1 hybrids produced by these male sterile plants to be 
fertile, the male sterile plants of mutant homozygotes were crossed 
with ‘Koshihikari’ pollen.  All the F1 hybrid plants showed 
normal pollen and seed fertilities. 
 
Discussion 
Os09g0493500, the first exon of which was revealed in the present 
study to have a single-nucleotide deletion in the male-sterile mutant 
‘C204’, has an NAD(P)H-binding domain at the N terminal region 
and is highly homologous with genes in the dihydroflavonol 
4-reductase (DFR) family.  A possible function of Os09g0493500 
in male organ development has been suggested (Yau et al. 2005).  
Os09g0493500 has been identified among 11 clones obtained by 
anther cDNA subtraction between ‘Annong-N’ and a TGMS 
mutant, ‘Annong S-1’, under high temperature causing male 
sterility, and has been named OsDFR2.  Specific expression of 
OsDFR2 in anthers at an early stage of microsporogenesis has been 
detected by in situ hybridization, and the gene expression level in 
‘Annong S-1’ has been revealed to be one-fourth of that in 
 
Fig. 4. Genotyping of 23 rice 
cultivars with a dot-blot-SNP 
marker for detection of the 
single-nucleotide deletion 
identified in ‘C204’. 
Genotypes of 23 cultivars 
were determined using a probe 
for detecting a wild-type allele 
(a) and a mutant-type allele 
(b). Names of 23 cultivars are 
shown (c). Black box indicates 
‘C204’. 
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‘Annong-N’.  The mutated gene causing TGMS, i.e., tms5, has 
been mapped on chromosome 2, not on chromosome 9 harboring 
OsDFR2 (Wang et al. 2003; Yang et al. 2007).  It has been 
suggested that OsDFR2 functions downstream of tms5 for TGMS 
of ‘Annong S-1’.  T-DNA insertion lines, drl1-1 and drl1-2, of 
DRL1 (Dihydroflaconol 4-reductase-like1; At4g354200), which is 
the ortholog of OsDFR2 in Arabidopsis thaliana and is expressed 
in tapetum cells, tetrads, and developing microspores and not in 
mature anthers, have been found to be partially sterile and 
completely sterile, respectively (Tang et al. 2009).  
Transformation of these T-DNA insertion lines with endogenous 
DRL1 has been found to restore pollen fertility.  These previous 
studies suggest that OsDFR2 is important in pollen development.  
Since our genetic analysis of male-sterile line ‘C204’ revealed only 
one nucleotide difference in the nine genes predicted in the 75 kb 
region, i.e., a single nucleotide deletion in the first exon causing a 
frameshift resulting in premature stop codon, the single nucleotide 
deletion in OsDFR2 is considered to be the most probable cause of 
the male sterility phenotype of the mutant.  
   Although genetic analysis of GMS mutants has identified 
several genes participating in the development of male organs 
(Jung et al. 2005; Han et al. 2006; Jung et al. 2006; Li et al. 2006; 
Woo et al. 2008), there has been no proposal for F1 hybrid breeding 
using the identified mutations as DNA markers so far.  Woo et al. 
(2008) have revealed the ms-h gene responsible for a stable GMS 
mutation to be UGPase1, which is also responsible for chalky 
endosperm.  The chalky endosperm trait of brown rice can be 
used for selection of the seeds of GMS plants, i.e., ms-h 
homozygotes, in F1 seed production.  However, chalky endosperm 
is also induced by high temperature at the seed ripening stage in 
most rice cultivars (Tabata et al. 2007; Kobayashi et al. 2008; 
Yamakawa et al. 2008).  Such chalky endosperm caused by high 
temperature results in selection of fertile plants in the F1 seed 
production method using the ms-h gene.   Furthermore, F1 hybrid 
plants having Ms-h/ms-h heterozygous genotype produced by this 
method are considered to set seeds of chalky endosperm at 25%, 
which lowers the quality of rice.  F1 seed production with no 
contamination of selfed seeds can be achieved by selection using 
DNA markers not influenced by environmental factors.    
   As parental lines for F1 seed production, Indica cultivars, a 
combination of which can yield higher heterosis than that of 
Japonica cultivars, have been commonly used.  The combination 
of an Indica cultivar and a Japonica cultivar provides strong 
heterosis in vegetative growth, but hybrid sterility of 
Indica/Japonica hybrids results in low productivity (Ikehashi and 
Araki 1984; Liu et al. 1996; Zhang et al. 1997).  A recent study 
(Cheng et al. 2007) has identified several combinations of Indica 
lines and Japonica lines that have super yielding ability, and F1 
hybrids of such combinations have been widely cultivated.  A 
wide-compatibility gene, which overcomes the hybrid sterility 
between Indica and Japonica, has been isolated (Chen et al. 2008) 
and has become usable in plant breeding as a DNA marker.  
‘C204’ selected in the present study is a mutant obtained from 
‘Koshihikari’, which has high eating quality.  Use of ‘C204’as a 
parent of the F1 hybrid cultivar may contribute to improvement of 
the eating quality of F1 hybrid cultivars.  Selection of parental 
lines used in combination with ‘C204’ will be important for 
development of F1 hybrid cultivars possessing high yield and high 
eating quality. 
   In the present study, a dot-blot-SNP marker which can detect 
the mutation in the candidate gene for GMS was developed, and a 
simple selection method of GMS plants using the leaf-punch 
method (Shiokai et al. 2009) was established.  Several thousands 
of plants can be genotyped by dot-blot-SNP analysis at one time 
(Shirasawa et al. 2006).  The selection method for GMS plants 
developed in the present study requires only low cost and little 
labor, suggesting the possibility of practical use of this method in 
rice F1 hybrid breeding.   
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